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Unit costBio-gasification is a new technology and considered as a more efficient way to utilize bio-
energy. The economic feasibility becomes one of the greatest issues when we apply this
new technology. Evaluation of economic feasibility of a bio-gasification facility needs better
understanding of its production unit cost under different capacities and different working
shift modes. The objective of this study was to evaluate the unit cost of biofuel products
(Liquid HCs, Light HCs and Oxygenates CxHyOz) under different capacities using a modeling
method. The cost analysis model was developed using Visual Basic Microsoft 2008, com-
puter programming language and mathematical equations. The modeling results showed
that the unit costs of biofuel product from bio-gasification facility were significantly
affected by production capacities of facilities. As the facility capacity increased from 65
to 10,000 N m3 h1, the biofuel production unit cost of gas (Light HCs), oil (Liquid HCs),
and aqueous (Oxygenates CxHyOz) decreased from $38.92 per MMBTU, $30.89 per gallon
and $25.74 per gallon to $2.01 per MMBTU, $1.59 per gallon, and $1.33 per gallon,
respectively. The results of the sensitivity analysis showed that feedstock cost was the
most sensitive cost factor on unit costs for all biofuel products at high capacity. The cost
analysis model developed in this study could be used to optimize production unit costs
of bio-fuel products from bio-gasification facility.
 2015 China Agricultural University. Production and hosting by Elsevier B.V. All rights
reserved.1. Introduction because the produced gases play an important role as inter-To reduce dependency on fossil fuels, research on develop-
ment of biofuel from renewable biomass resources has been
conducted all over the world [1,2]. Among methods of gener-
ating energy from biomass, bio-gasification has been consid-
ered one of the most commonly used conversion techniquesmediates in the production of high-efficiency power or syn-
thesis of chemicals and fuels [3–5]. Bio-gasification is a
thermochemical transformation of a raw biomass material
into combustible gases through chemical reactions [6–8].
The produced gaseous mixture, called a synthetic gas (syn-
gas), contains hydrogen (H2), carbon monoxide (CO), carbon
dioxide (CO2), methane (CH4), and other impurities such as
nitrogen (N2), alkali compounds, sulfur compounds, and tar
[6,9]. The cleaned syngas containing H2 and CO can be
converted into light hydrocarbon gases (Light HCs), liquid
hydrocarbons (Liquid HCs), and aqueous (Oxygenates
CxHyOz) through the catalytic conversion process based on
modified Fischer–Tropsch catalyst [10].
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ing rapidly over the past decade. The increased importance
of the biofuel development has stimulated an interest to
improve economic efficiency. Consequently, economic analy-
sis is required to evaluate an economic feasibility of the new
technology for biofuel production prior to the application of
it. For example, William et al. [11] conducted a cost-benefit
assessment of methanol and hydrogen produced from the
bio-gasification facility. Phillips [12] analyzed the cost to pro-
duce the ethanol from hybrid poplar wood chips based on
gasification process. Swanson et al. [9] carried out the eco-
nomic analysis of liquid transportation fuels produced from
corn stove through gasification. These researches focused
on the economic analysis of the biofuel production from the
large-scale facilities which were designed with a feedstock
feed rate of more than 1500 Mg per day.
However, to date, the economic analyses of biofuel produc-
tion from syngas produced from the micro-scale bio-
gasification facility have not been conducted. Therefore, this
study aims to evaluate the unit cost of biofuel products
(Liquid HCs, Light HCs and Oxygenates CxHyOz) under differ-
ent capacities using a modeling method.
2. Materials and methods
2.1. Production system and cost analysis
The process design developed for this study was based upon
the current operation for the small-scale biomass gasification
facility with a capacity of 65 Nm3 h1, which was established
at Mississippi State University [10]. As shown in Fig. 1, the bio-
mass gasification facility comprised four steps: biomass han-
dling and preparation, gasification, syngas cleaning and
conditioning, and catalytic conversion. The pilot-plant scale
cleaning unit is built in the bio-gasifier located at
Mississippi State University. In this study, the biomass species
was set to woodchips. Raw woodchips are first treated by dry-
ing and grinding into proper sizes. The treated woodchips are
then fed into the gasifier. In the gasification process, the bio-
mass is converted into syngas through a series of chemical
reactions such as drying, pyrolysis, oxidation, and reduction.
After syngas cleanup and conditioning, the unwanted impuri-
ties from raw syngas were removed. In this study, the cat-
alytic conversion of syngas into light hydrocarbon gases
(Light HCs), liquid hydrocarbon (Liquid HCs), and aqueous
(Oxygenates CxHyOz) was considered.
The cost analysis for the biofuel production was carried
out on the basis of total capital cost, total operating cost,Fig. 1 – Process flow diagram ofand revenues from the sale of the recovered heat produced
in the process for the biofuel production. In this study, feed-
stock preparation was selected as a starting point for the cost
analysis, while the biofuel product output including oil, gas,
and aqueous was chosen as an end point. The costs associ-
ated with the biofuel production were estimated using a com-
bination of capacity factored and equipment-based methods.
This method has been used frequently since it has been con-
sidered a useful tool when there are little measured data for
the feasibility analysis of a project [5]. A more specific descrip-
tion of the cost analysis is described in the following sections.
2.1.1. Capital cost
The capital cost was estimated based on the total project
investment (TPI) and loan interest cost. More specifically,
the TPI was calculated by adding the total installed cost
(TIC) to the total indirect cost (TIDC). The TIC and TIDC were
estimated based on the equipment purchase cost. This
method of cost estimation has an expected accuracy of
10% to 20% [13]. The equipment purchase cost (Ceq) can be
estimated by using the capacity factored method [13,7,5], as
expressed in Eq. (1).
Ceq ¼ Cex Pc newPc ex
 n
ð1Þ
where Cex is the equipment purchase cost of the existing bio-
gasification facility, Pc_ex is the production capacity of the
existing facility (N m3 h1), Pc_new is the production capacity
of the new facility (N m3 h1), and n is a characteristic scaling
exponent that is based on characteristics of the equipment
related to production capacity. In this study, the n value was
assumed to be 0.6 [13,7,5].
Once the equipment purchase cost was calculated, the TIC
was determined using the related cost factors obtained from
previous literature [12] in which the TIC was ranged from
12% to 247% of the total purchased equipment cost (TPEC)
for installed costs of purchased equipment installation,
instrumentation and controls, piping, electrical systems,
buildings, and yard improvements. The TIDC was also esti-
mated using cost factors from previous literature [12] in
which the % of total installed cost (TIC) ranged from 3% to
39% for indirect cost of engineering, construction, legal and
contractor fees, and project contingency.
The total project investment cost can be paid as a portion
of production cost each year because the initial cost is very
large [13]. As a result, this cost is depreciated during the facil-
ity’s economic lifetime. In this study, a straight line deprecia-
tion method was used. Therefore, the annual capital cost (Cac)biofuel production system.
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installed cost (Cins), annual total indirect cost (Ctind), and
annual loan interest cost (Cainstr).
Cac ¼ Cints þ Ctind þ Cainstr ð2Þ
Cins ¼ TIC Rde ð3Þ
Ctind ¼ TIDC Rde ð4Þ
Cainstr ¼ TIC Rloan  Rintr ð5Þ
where Rde is the depreciation rate of equipment cost, Rloan is
the loan rate, and Rloan is the loan annual interest rate. In this
study, Rde was 0.1 because an economic lifetime was assumed
to be 20 years [7].
2.1.2. Operating cost
In this study, operating cost was divided into two types: vari-
able and fixed costs (Table 1). The variable costs were propor-
tional to actual production capacity. It included the costs of
feedstock, electricity, labor, waste water treatment, and cata-
lysts. The fixed costs were charged annually depending on
whether the facility was run at high or low production capac-
ity. The fixed costs including maintenance cost, general over-
head, and insurance and taxes were calculated by the
equations given in Table 1 [7,5,12].
The feedstock cost was obtained by the feedstock price
(Pfsto) multiplied by the amount of annual feedstock con-
sumption (Wfsto), as shown in Table 1. In this study, the wood
chip price was assumed to be $35 ton1 based on 2008 market
price in Mississippi [7] including the drying and storage costs
($2.5 ton1) and transportation ($5 ton1). The cost of electric-
ity was calculated by the product of the unit of electricity
price (Pel), which was assumed to be $0.0718 kW h
1 and the
amount of annual consumption (Table 1). The annual con-
sumption of electricity can be estimated by using the capacity
factor method based on the consumption and capacity of
existing equipment [7,5]. Waste treatment cost was calculated
by multiplying the rate of disposal fee by the amount of waste
produced. For the bio-gasification process, the main disposalTable 1 – Equations for calculating operating costs.
Cost item Equation
Variable costs
Feedstock cost (Cfsto) Pfsto ·Wfsto
Electricity cost (Cel) Pel ·Wel
Labor cost (Clabo) m · Rlabo · H0
Waste treatment cost (Cwa) Pwas · YH2O
Catalyst cost (Ccata) Pcata ·Wcata
Fixed costs
General overhead (Cgen) 0.95Clabo
Maintenance cost (Cmain) 0.02TPI
Insurance and taxes (Cins) 0.02TPIoutput was bio-char and wastewater. The cost of treatment to
bio-char was not considered in the analysis since the bio-char
can be processed for future use in agriculture. The cost of
wastewater treatment was determined by the product of the
wastewater treatment price (Pwas), which was $ 0.731
ton1 [14], and the amount of wastewater produced (YH2O).
The cost of catalysts was calculated by the catalyst unit
price (Pcata), which was $145.15 lb
1 in this study (Personal
communication, Yan Qiangu, Mississippi State University),
multiplied by the amount of annual consumption (Wcata).
The annual consumption of catalysts can be estimated by
using the capacity factor method based on the consumption
and capacity of existing equipment. The unit consumption
of equipment was reflected by the base case for equipment
capacity and catalyst consumption, an exponential scaling
expression was used to adjust the bare equipment catalyst
consumption, as expressed in Eq. (6).
Wcata ¼Wbase PnewPbase
 ep
ð6Þ
where Wbase is the unit catalyst consumption of existing
equipment, which was 10 lb for the capacity of 120
Nm3 h1; Pnew is the capacity of new purchased equipment;
Pbase is the capacity of existing equipment; ep was a charac-
teristic scaling exponent, which was used as 0.6 [13] in this
study. The ep value can make slight difference in the calcula-
tion of the unit catalyst consumption based on the new and
existing equipment capacities.
Labor cost was determined by multiplying the number of
employees (m) by the product of the pay rate of employees
(Rlabo) and the annual working hour (H0). The pay rate was
determined to be $16 h1 [7]. For the production capacity of 65
Nm3 h1, the number of employees was assumed 1 for one
shift, 1.5 for two shifts, and 2 for three shifts [5], which is a
typical labor time for the facility located at Mississippi State
University. In addition, it was assumed that the number of
employees increased by one per 1000 Nm3 h1 when the pro-
duction capacity increased up to more than 2000 N
m3 h1. For example, the number of employees in three shiftsRemark
Pfsto: feedstock price
Wfsto: annual feedstock consumption
Pel: unit price of electricity
Wel: annual electricity consumption
m: number of employees
Rlabo: pay rate of employees
H0: annual working hour
Pwas: price of wastewater treatment
YH2O: annual weight of wastewater produced
Pcata: price of catalyst
Wcata: annual catalyst consumption
TPI: total project investment
TPI: total project investment
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increased from 65 to 3000 Nm3 h1.
Operating costs were considerably influenced by the oper-
ating mode of a bio-gasifier [15,5]. In this study, operating
modes for economic analysis of the bio-gasification facility
represents the working hours, the ways of operating equip-
ment, and the management of the bio-gasifier. Operating
modes were classified into three different shifts with related
working hours (H0) and operating hours (H), as shown in
Table 2. In this study, working hours (operating modes) of
the bio-gasifier were considered fifty two weeks per year, 5
working days per week, and 8 working hours per day equiva-
lent to one shift, 16 h for two shifts, and 24 h for three shifts
mode [15]. One hour was required to start-up and shut-down
the bio-gasifier in each working day for one and two shifts
working modes, and just one hour was considered in a week
for the three shifts working mode. The working and operating
hours according to operating modes were given by Table 2.
2.1.3. Syngas yield
The total syngas yield, depending on the type of biomass gasi-
fier system, was the production capacity of the gasifier multi-
plied by its running hours (Eq. (7)). The woodchips used in
gasification had 18.7 MJ kg1 of low heating value, which
can be transferred to 2.4 N m3 kg1 for bio-syngas to feedstock
[7]. Thus, the annual consumption of woodchips (feedstock)
can be calculated from the annual total syngas yield divided
by the coefficient of 2.4 N m3 kg1. Since the unit cost of
woodchips was denoted by $ ton1, the unit transformation
was required, as expressed in Eq. (8).
YS ¼ Pc H ð7Þ
Wfsto ¼ YS2:4 1000 ð8Þ
where Ys is the annual total syngas yield (N m
3), Pc is the pro-
duction capacity (N m3 h1), andWfsto is the annual feedstock
consumption (ton).
2.1.4. Biofuel production yield
The annual yield of each biofuel product including oil, gas,
and aqueous were obtained by the calculation of mass bal-
ance and energy balance based on the production selectivity
and annual syngas yield. The product from syngas generation
and catalytic conversion included CO2, water (H2O), gas (Light
HCs), oil (Liquid HCs), aqueous (Oxygenates CxHyOz) and un-
reacted syngas. The un-reacted syngas was released after
bio-gasification, and it was not considered in the economic
analysis. The selectivity of CO2, gas (Light HCs), oil (Liquid
HCs) and aqueous (Oxygenates CxHyOz) were given by aboutTable 2 – Three working hours of small or micro-scale
gasification facilities operating in different modes.
Mode Unit Working
hours (H0)
Operating
hours (H)
One shift h per year 2080 1820
Two shifts h per year 4160 3900
Three shifts h per year 6240 61880.08, 0.20, 0.42 and 0.30 [10,16]. The mass and volume were
then calculated based on the selectivity and total CO moles
with CO conversion rate. In addition, the mass of water
(H2O) was obtained based on the aqueous (Oxygenates
CxHyOz) yield, and the cost of waste water treatment was con-
sidered in the operating cost section. After all the calculations
to biofuel product yield, the total weight was obtained by the
sum of each product. The total cleaned syngas (CO and H2)
weight was calculated to compare the total product weight
in order to get the mass balance error. It was assumed that
the mass balance error did not change even with changes to
the biomass consumption.
The mathematical equations for the biofuel products yield
including CO2, water (H2O), gas (Light HCs), oil (Liquid HCs)
and aqueous (Oxygenates CxHyOz) from syngas generation
and catalytic conversion based on modified Fischer-Tropsch
catalyst are listed below (Eqs. (9)–(15)).
YCOþH2 ¼ 0:4YS ð9Þ
YCO ¼ YCOþH2  100022:4 2 ð10Þ
YCO2 ¼
0:8YCO  SCO2  44
1000 0:8 ð11Þ
YLight HCs ¼
0:8YCO  SLight HCs  44 22:4
1000 0:8 16 28:26 ð12Þ
YLiquid HCs ¼ 0:8YCO  SLiquid HCs  14 10001000 0:8 0:716 100;0000 0:003785411 ð13Þ
YCxHyOz ¼
0:8YCO  SCxHyOz  22 0:334819866576961
1000 0:8 ð14Þ
YH2O ¼
YCxHyOz  0:6
0:4 0:8 ð15Þ
where is the annual total cleaned syngas (CO and H2) yield (N
m3); YCO is the annual CO moles (mole); is the annual total
CO2 yield (kg); YLight HCs is the annual total gas (Light HCs)
yield (MMBTU); YLiquid HCs is the annual total oil (Liquid HCs)
yield (gallon); YCxHyOz is the annual total aqueous
(Oxygenates CxHyOz) yield (gallon); is the annual total pro-
duced wastewater (H2O) yield (kg); is the CO2 selectivity;
SLight HCs is the Light HCs selectivity; SLiquid HCs is the Liquid
HCs selectivity; and SCxHyOz is the CxHyOz selectivity.2.1.5. Production cost
Total annual production cost (Cta) was calculated by subtract-
ing the revenue from sale of the recovered heat (Rh) from the
sum of annual capital cost (Cac) and annual operating cost
(Cao). The revenue of the heat recovery was calculated based
on the syngas yield and low heat value (LHV) of syngas. The
LHV of the syngas was assumed to be 5.5 MJ Nm3, which is
similar to the values reported by previous studies [17]. The
recovery rate of the heat produced in gasification was
assumed to be 20% and the recovered heat was sold at $0.01
MJ1 [15].
The unit cost of bio-syngas production, before income
taxes, was obtained by the total annual production cost
divided by annual total syngas yield. Since the biofuel product
from bio-gasification and catalytic conversion was not
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the weight estimate method. The weight ratio was given by
the market price of the biofuel product from bio-gasification
and catalytic conversion including oil, gas, and aqueous.
The unit weight was calculated by the total cost after heat
recovery divided by the sum of the market price multiplied
by the annual total yield of the corresponding biofuel product.
Then, the unit cost of related biofuel product was the unit
weight multiplied by the market price of the biofuel product.
If enough costing parameters or information of the facility is
available, the costing of biofuel product could be carried out
with a series of mathematical equations shown below (Eqs.
(16)–(19)).
Cta ¼ Cac þ Cao  Rh ð16Þ
Rh ¼ 0:2YS  5:5 0:01 ð17Þ
Cups ¼ CtaYS ð18Þ
Cupi ¼ CtaX
i
PiYi
 Pi ð19Þ
where Cups is the annual syngas production unit cost, Cupi is
the annual ith bio-product unit cost, Pi is the market price
of ith bio-product, and Yi is the annual ith bio-product yield.
2.2. Model design and programming
Using the Visual Basic, Microsoft, 2008 computer program-
ming language, the mathematical equations as mentioned
in the cost analysis section were transformed into a model
to analyze costs related to biofuel products with variousFig. 2 – Home page in cproduction capacities. This model was developed based on a
graphical user interface (GUI), and thus people with limited
computer knowledge can easily use this model. Help menu
can be used for more details provided in the model. The cost
analysis model included various functions to easily save,
download, input, and output data. In addition, the function
of par chart was applied to analyze the annual production
cost composition. The model comprised of seven menus:
home, data, basic cost information, production information,
capital cost, operating cost, cost summary, and help. More
detail about some menus is discussed below.2.2.1. Home page
The first menu was the home page of the revised cost analysis
model to evaluate the unit cost of biofuel products (Fig. 2). On
the home page, the buttons such as HOME, DATA, BASIC,
PRODUCTION, CAPITAL, OPERATING, SUMMARY and HELP
lead to each menu for cost input and output. Each button
was designed using the form designer generated code. In
addition, the tooltip code was used to add the text notes on
the interface. When the mouse moves to the text area, the
related text note appears. Thus, users can conveniently see
self-explanatory text.
In order to help data collection and comparison, the data
storage system was established. The data page includes the
area of saved data output and file name input. In addition,
three buttons: SAVE, OPEN, and DELETE indicated the data
processing for different files.
2.2.2. Basic cost information page
The basic cost information page includes the input area of bio-
gasification working capacity andworkingmode. Theworkingost analysis model.
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ware can calculate the costs based on the related working
hours. The update button can clean up input boxes for re-
entering all input. Fig. 3 shows the basic cost information pageFig. 3 – Basic cost information p
Fig. 4 – Biofuel production pawith an example output for the bio-gasification facility capac-
ity of 65 Nm3 h1at three working shifts.
The product information page includes the input area of
the selectivity of CO2, gas (Light HCs), oil (Liquid HCs), andage in cost analysis model.
ge in cost analysis model.
I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 2 ( 2 0 1 5 ) 3 7 –5 0 43aqueous (Oxygenates CxHyOz). The biofuel production page
(Fig. 4) provides an example output for the biogasification
facility capacity of 65 Nm3 h1 at three shifts.Fig. 5 – Capital cost page i
Fig. 6 – Operating cost page2.2.3. Capital cost page
The capital cost page includes the input area for the cost
information and output part for the cost component ofn cost analysis model.
in cost analysis model.
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loan interest. An example output for the capacity of 65
Nm3 h1 at three shifts is presented in Fig. 5.Fig. 7 – Cost summary page
Fig. 8 – Annual production cost composition of a gasification faci
mode.2.2.4. Operating cost page
The operating cost page includes the output of feedstock cost,
electricity cost, waste water treatment cost, catalyst cost,in cost analysis model.
lity operating at 65 N m3 h1 capacity in three working shifts
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ance and taxes. Fig. 6 shows the example operating cost page
for the capacity of 65 Nm3 h1 at three working shift.
3. Results and discussion
3.1. Cost summary
The cost summary page includes the final output for the cost
information of biofuel production unit cost based on the cost
input and output for previous pages, the annual capital cost,
annual operating cost, annual total cost, and annual heat
recovery were calculated. Then the unit cost of biofuel pro-
duct can be obtained. The cost summary page for the capacity
of 65 Nm3 h1 at three shifts is presented in Fig. 7.
The costs for the biofuel production at the capacity of 65
Nm3 h1 were analyzed using the developed model. In order
to maximize the operating hours and enhance the working
efficiency, the working mode was set to three working shifts.
The total annual production cost of the bio-product was
$468,746 with an annual total capital cost of $69,446 and an
annual total operating cost of $399,300 thereby giving a syn-
gas unit cost of $1.15 N m3 in three shifts (Fig. 7), which is
equivalent to $0.01 MJ1 of energy cost. The term energy cost
is defined as the cost per unit low heating value (MJ) of the
syngas. Therefore, the annual total production cost with heat
recovery was $464,321. The biofuel product unit cost of gas
(Light HCs) was $38.92 per MMBTU. The bio-product unit cost
of oil (Liquid HCs) was $30.89 per gallon. The biofuel product
unit cost of aqueous (Oxygenates CxHyOz) was $25.74 per
gallon.Fig. 9 – Annual production cost composition of a gasification fa
shifts mode.In order to compare each cost component, the annual total
cost composition was studied. The RUN button displays the
bar chart and pie chart of the cost composition. Fig. 8 shows
the cost composition graph for the capacity of 65 N
m3 h1 at three shifts. The composition analysis of biofuel
production cost showed that operating cost was a major part
of annual biofuel production cost. The total annual operating
cost accounted for 85% of the total annual production cost,
while the total annual capital cost was only 15% for the facil-
ity operating at 65 Nm3 h1 in three shift mode. The gasifier
systems can be modularly manufactured with compact sizes
that result in very low installation and building costs. Since
the annual total installed cost and annual total indirect cost
made up 31.7% and 32.2% of the total capital costs, selecting
the right gasifier system is very important for reducing total
capital costs and eventually lowering total production cost.
As shown in Fig. 8, labor cost was 42.60% of the annual bio-
production cost, which was the largest part of the total
annual production cost, followed by general overhead
(40.47%), installed cost (7.02%), loan interest (5.06%), indirect
cost (2.74%), and feedstock cost (1.25%). The cost composition
indicated that labor cost was the major cause of bio-product
unit cost if the gasification facility is operated at 65
Nm3 h1 capacity in three shifts (Fig. 8).
3.2. Effect of production capacity
The effect of the production capacity was analyzed for 10,000
Nm3 h1. The total annual production cost composition for
biofuel products at 10,000 Nm3 h1 is shown in Fig. 9. The
result showed that feedstock cost was most sensitive in termscility operating at 10,000 N m3 h1 capacity in three working
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by installed cost (15.49% from 7.02%), and loan interest
(11.15% from 5.06%) in terms of increase in the annual cost
when production capacity increased from 65 to 10,000
Nm3 h1.
Further, while comparing the compositions of annual pro-
duction costs for facilities operated at 65 and 10,000
Nm3 h1, it was found that the percentage of labor cost was
a high 42.60% at 65 Nm3 h1, while it was 22.89% at 10,000
Nm3 h1. This showed that high operating costs were
unavoidable due to the high labor cost of operating a gasifica-
tion facility at low capacity level (65 N m3 h1). This result fur-
ther proved that the production scale of a gasification facility
significantly affected production costs. Another enlightening
observation was that the percentages of feedstock cost chan-
ged from 1.25% to 20.69% when facility capacity increased
from 65 to 10,000 Nm3 h1. In addition, the feedstock daily
consumption changed from 0.64 to 98.79 ton per day. This sig-
nificant increase in the feedstock consumption resulted in the
increase in the feedstock cost, which caused the dramatic
change in its percentage to total annual production cost.
These results showed that the feedstock cost for operating a
gasification facility should be given more attention.
Therefore, the optimization of feedstock cost is important to
enhance economic feasibility.
According to the cost configuration analysis, the total
annual production cost composition of biofuel products was
significantly changed when the gasification facilities were
operated at different capacities. The percentages of operating
and capital costs to the total annual production cost at differ-
ent capacities are shown in Fig. 10. The percentages of operat-
ing costs decreased as production capacity increased from 65
to 2000 Nm3 h1 and then continually decreased as the pro-
duction capacity increased to 10,000 Nm3 h1. This wasFig. 10 – Percentages of capital and operating cbecause the increasing rate of capital costs for larger produc-
tion capacity facilities was higher than that of operating costs
for the bio-gasification facility with a capacity range from 65
through 2000 Nm3 h1. The percentage of capital costs was
high (one third of total annual production cost) when the
gasification facility operated at 2000 Nm3 h1. When produc-
tion capacity keep increasing to 10,000 Nm3 h1, the require-
ment of labor was also increased (10 people) for three shifts.
In addition, the feedstock demand was increasing to satisfy
the biomass consumption of larger production capacities.
The increase in the labor and feedstock costs resulted in the
increase in the percentage of operating costs to total annual
cost when production capacity increased from 2000 to 10000
N m3 h1.
Using the cost analysis model, the ratio of each cost fac-
tors to total production cost was analyzed as the production
capacity increased from 65 to 10,000 N m3 h1. The results
showed that the main cost factors were labor cost, feedstock
cost, installed cost, indirect cost, general overhead, and inter-
est and tax (Fig. 11).
The effect of production capacity on annual biofuel pro-
duct unit cost is presented in Fig. 12. Although results
showed similar trend on bio-fuel product unit cost, there
was clear difference on each product unit cost. While total
annual production cost continually increased as production
capacities scaled up, biofuel product unit cost significantly
decreased as the production capacity increased from 65 to
2000 Nm3 h1. After the capacity of 2000 Nm3 h1, the rate
further decreased by a small amount. The reduction in unit
cost was due to the fact that the increase rate of biofuel pro-
duct yield was higher than that of total annual production
cost when production capacities scaled up. As the produc-
tion capacity increased from 65 to 10,000 Nm3 h1, the pro-
duct unit cost of gas (Light HCs), oil (Liquid HCs), andosts under different production capacities.
Fig. 11 – Cost composition for different bio-gasification capacities with three working shifts.
Fig. 12 – Biofuel product unit costs at different bio-gasification capacities in three working shifts.
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per MMBTU, $30.89 to $1.59 per gallon, and $25.74 to 1.33 per
gallon, respectively. At this point, the biofuel product would
be economically fully competitive as compare to market
prices. This result indicated that production capacity
increase of the bio-gasification facility can be one of an alter-
native ways to reduce biofuel production unit cost and
improve its economic feasibility.3.3. Sensitivity analysis
A sensitivity analysis was conducted to evaluate the impact of
the main cost factors on the biofuel product unit cost. Based
on the economic evaluation results, labor cost, feedstock cost,
project investment (the sum of installed cost and indirect
cost), general overhead, and interest and taxes were consid-
ered as the main costs factors. For the capacity of 65
Fig. 13 – Liquid HCs unit costs response to variations in different cost factor for (a) 65 N m3 h1 and (b) 10,000 N m3 h1
facilities in three shifts mode.
Fig. 14 – Oxygenate CxHyOz unit costs response to variations in different cost factor for (a) 65 N m
3 h1 and (b) 10,000 N m3 h1
facilities in three shifts mode.
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the three different bio-fuel products (Figs. 13–15). Labor cost
was the most sensitive factor on bio-products unit cost at this
production capacity level. The general overhead also had thehigh sensitivity on biofuel products unit cost since the gen-
eral overhead was determined by the labor cost multiplied
by the cost factor as listed in Table 1. Even small variations
in pay rate of operators might cause significant changes in
Fig. 15 – Liquid HCs unit costs response to variations in different cost factor for (a) 65 N m3 h1 and (b) 10,000 N m3 h1
facilities in three shifts mode.
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main concerning cost component to enhance the economic
feasibility. The variations in interest and taxes, feedstock
price, and project investment had similar influences on bio-
fuel products unit cost.
The result of sensitivity analysis at the capacity of 10,000
Nm3 h1 showed that the bio-fuel products unit cost was
most sensitive to the feedstock cost in terms of positive
increase in the cost. Other sensitive cost factors include: gen-
eral expense, feedstock cost, project investment, and interest
rate (Figs. 13–15). For the capacity of 65 Nm3 h1 gasifier
other main cost factors including feedstock price, project
investment, and interest and taxes also had significant
impacts on bio-fuel products unit cost beside the effect from
labor cost and general expense. The results indicated that dif-
ferences in equipment purchase cost, pay rate of operators,
feedstock price, and interest rate may cause major changes
in bio-products unit cost.
4. Conclusions
In this study, the cost analysis model was developed to eval-
uate the unit production cost and cost composition of biofuel
products (Liquid HCs, Light HCs and Oxygenates CxHyOz)
under different capacities using a modeling method. The cost
components changed significantly when the production
capacity changes. The cost analysis results showed that the
operating cost was a major part of total annual production
cost for biofuel product. Labor cost was the largest part of
total operating cost and the total annual production cost
when bio-gasification facility was operated at low capacity
level (65 N m3 h1). The effectiveway to reduce the percentageof labor cost in the annual production costs was to operate
gasification facility at higher production capacity.
In addition, the unit costs of biofuel product from bio-
gasification facility were significantly affected by production
capacities of facilities. As the facility capacity increased from
65 to 10,000 Nm3 h1, the biofuel production unit cost of gas
(Light HCs), oil (Liquid HCs), and aqueous (Oxygenates
CxHyOz) decreased from $38.92 per MMBTU, $30.89 per gallon
and $25.74 per gallon to $2.01 per MMBTU, $1.59 per gallon,
and $1.33 per gallon, respectively. The costs for production
capacity and total annual production were found directly
related, whereas the biofuel product unit costs significantly
decreased.
The results of the sensitivity analysis showed that the bio-
fuel product unit cost of gasification facility operating at low
capacity (65 Nm3 h1) was most sensitive to the variation in
labor cost, following by general overhead. However, the bio-
fuel product unit cost of facility operating at high capacity
(10,000 Nm3 h1) was most sensitive to the variation in feed-
stock cost in terms of positive cost increase. The results from
this study showed that the cost analysis through modeling
method proved to be an effective way to evaluate the related
costs and those compositions and to provide useful informa-
tion for the biomass-derived production. Our model for the
cost analysis may still be basic because of the lack of suffi-
cient operating know-how and observed data for the biofuel
production from the bio-gasification facility. However, it can
be enhanced if a long series of data is available with further
research. In addition, the developed model in this study can
be conveniently used to analyze the economic analysis in
other similar projects because the model was designed based
on a graphical user interface.
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